We have used DNase I footprinting to characterize nuclear factors that bind to the light-responsive promoter of pea rbcS-3A, one member of the gene family encoding the small subunit of ribulose-l,5-bisphosphate carboxylase. A sequence-specific binding activity, designated 3AF1, binds to an AT-rich sequence present at the -45 region of the rbcS-3A promoter. A tetramer of the 3AF1 binding site, designated as Box VI, can form multiple complexes with tobacco leaf and root nuclear extracts. Mutations of 3 base pairs in Box VI severely reduce DNA-protein complex formation in vitro. The wild-type Box VI tetramer, but not the mutant tetramer, is active in transgenic tobacco plants when placed upstream of the cauliflower mosaic virus 35s promoter truncated at -90. These results correlate binding of 3AF1 to the in vivo function of Box VI. The Box VI tetramer/35S chimeric construct confers expression in diverse cell types and organs and its activity is not dependent on light. By using the Box VI tetramer as a probe to screen a cDNA expression library, we have obtained a putative cDNA clone for the 3AF1 DNA-binding activity. Lysogen extracts of Escherichia coli expressing the cDNA clone give sequence-specific complexes with Box VI. The deduced amino acid sequence of the protein encoded by the cDNA contains two stretches of about 100 residues that are 80% homologous. Moreover, in each of the two repeats, there is an arrangement of histidines and cysteines, which may be related to the two known types of zinc-finger motifs found in many DNA-binding proteins. Consistent with the expectation that metal coordination plays an important role in DNA binding by this protein, we found that 1,lO-phenanthroline can abolish the formation of DNA-protein complexes. Interestingly, we found that the same treatment did not abolish the DNA binding activity of 3AF1 in crude nuclear extracts of tobacco. These data indicate that the nuclear 3AF1 activity is likely due to multiple DNA-binding proteins all interacting with Box VI in vitro. RNA gel blot analysis shows that multiple transcripts homologous to this cDNA clone are expressed in different tobacco organs.
INTRODUCTION
The small subunit of ribulose-l,5-bisphosphate carboxylase, the key enzyme for carbon fixation in higher plants, is encoded by a multigene family (rbcs) , and its expression is regulated by light (Dean et al., 1989) . The promoters for several rbcS from different plant species have been shown to contain sufficient information for light responsiveness and organ specificity (reviewed in Dean et al., 1989) . Severa1 different plant nuclear factors have been reported to bind to some of the conserved sites found in rbcS promoters. One of these, GT-1, binds to multiple sites in the upstream sequences of several pea rbcS (Green et al., 1987 (Green et al., , 1988 Kuhlemeier et al., 1988b) . The other factor, GBF, binds to a "G-box" upstream of several tomato rbcS (Giuliano et al., 1988) .
Among the pea rbcS, the rbcS-3A promoter has been studied most extensively. This promoter contains se-' Current address: AgBiotech Center, Waksman lnstitute of Molecular Biology, P.O. Box 759, Rutgers State University, Piscataway, NJ 08855. To whom correspondence should be addressed. quence information that confers light responsiveness as well as tissue specificity (Fluhr et al., 1986a (Fluhr et al., , 1986b Aoyagi et al., 1988) . Through deletion analyses and the use of chimeric promoter constructs, we have identified at least three distinct regions that are involved in the light-responsive expression of rbcS-3A. O to -1 70 and -170 to -50) can confer light responsiveness and tissue specificity when placed upstream of the homologous and a heterologous promoter (Kuhlemeier et al., 1988a (Kuhlemeier et al., , 1989 . The third region, located between -50 and +15, has been shown to confer light-responsive but not organspecific expression when potentiated by a heat-inducible element (Kuhlemeier et al., 1989) . Sequence comparison of several pea rbcS promoters has identified five conserved sequences, designated as Boxes I to V, that are located between -170 and +1 (Nagy et al., 1986) . GT-1 binds to two of these conserved sequences (Box II and Box 111) located within the -1 50 to -1 O0 region of several rbcS promoters (Green et al., 1987 (Green et al., , 1988 ; also see Figure 1 B). The same factor also binds to sequences homologous to Boxes II and 111 in the rbcS-3A upstream region (-410 to -170). Site-specific mutagenesis of the GT-1 binding sites, Boxes II and III, showed a clear correlation between GT-1 binding in vitro and activity of the rbcS-3A promoter in transgenic plants (Kuhlemeier et al., 1988a) . Recently, we have demonstrated that a synthetic tetramer of Box II alone is able to confer light-responsive and tissue-specific expression when fused to a truncated 35S promoter (-90 to +8) from the cauliflower mosaic virus (CaMV) (Lam and Chua, 1990) . Together, these results support the notion that GT-1 is involved in the light responsiveness of the rbcS-3A upstream elements.
The expression conferred by the -50 to +15 region of the rbcS-3A promoter is likely to be mediated by factors different from those of the two upstream regions because it does not contain any GT-1 binding sites. Moreover, when potentiated by a heat-shock element, this promoter region is active in root as well as in leaf (Kuhlemeier et al., 1989) . In the present work, we have characterized a DMA-binding activity, 3AF1, that interacts with sequences between -51 and -31, designated as Box VI, of the rbcS-3A promoter. Experiments with transgenic plants show that Box VI functions as a constitutive element. We have isolated from a tobacco leaf expression library a putative cDNA clone for 3AF1. Our data suggest that the protein encoded by this cDNA clone requires metal for DMA binding and that distinct transcripts homologous to this cDNA clone are present in different tobacco organs.
RESULTS

Characterization of a Nuclear Factor Binding to the -45 Region of the rbcS-3A Promoter
The -50 to +15 region of the rbcS-3A promoter has been found to contain sufficient information for light responsiveness (Kuhlemeier et al., 1989) . We are interested in defining nuclear factors that interact specifically with sequences within this region. Figure 1A shows the protection of sequences from -51 to -31 of the rbcS-3A promoter from DNase I cleavage after incubation with nuclear extracts from tobacco leaves. The protected site is directly upstream of the putative TATA-box, and we named this site Box VI. Figure 1 shows the location of Box VI in relation to Box II and Box III. We also designated the binding activity that recognizes Box VI as 3AF1.
We synthesized a tetramer of the Box VI sequence for use as a binding site probe. As a control for sequence specificity, we also synthesized a mutant tetramer with 3 altered base pairs. Figure 2 (bottom panel) shows the nucleotide sequence of the wild-type and the mutant binding site. When incubated with either tobacco leaf or root nuclear extracts, the wild-type tetramer forms multiple complexes. The mobilities of some of these complexes are clearly different between leaf and root nuclear extracts and the positions of the complexes are found to be variable in different extract preparations (data not shown). At present, the relationship between the different complexes is not clear. They may be the result of different gene products that can bind to Box VI or they may be different forms of the same protein resulting from either differential mRNA processing, post-translational modification, or proteolysis during extract preparation. These possibilities are not mutually exclusive and are likely to contribute to the complexity and variability of the gel shift patterns that we have observed. We will address these possibilities in the future. (A) An rbcS-3A promoter fragment (from -170 to +8) was labeled at either the upper or lower strand by Klenow fill-in with all four 32 P-nucleotide triphosphates. The end-labeled probe was incubated with either tobacco nuclear extract (E) or control buffer (C) before DNase I treatment. Positions of guanines as determined by the method of Maxam and Gilbert (1980) are indicated (G). The bracketed areas indicate the sequences protected from DNase I digestion by incubation with tobacco nuclear extracts.
(B)
The sequence between -170 and +20 of the rbcS-3A promoter is shown. Nucleotides were numbered according to Fluhr et al. (1986b) . Boxes II and III are GT-1 binding sites (Green et al., 1987 (Green et al., , 1988 .
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Root are not as sensitive as LB1 and LB2 to the mutations that we have introduced.
--LB2
•RB1 A tetramer of the 21 -bp sequence of Box VI (5'-AAATAGATAAA-TAAAAACATT-3') was synthesized with Hindlll and Xhol restriction sites at the 5' and 3' ends, respectively. A Box VI mutant tetramer (5'-AAATAGAGATCTAAAAACATT-3'), with 3 bp of the 21 bp altered, was also synthesized. These tetramers were used to detect sequence-specific DNA-binding protein(s) in tobacco leaf and root nuclear extracts by gel retardation assays. W, wild-type Box VI tetramer; M, mutant Box VI tetramer; fp, free probe. LB1 and LB2 indicate DNA-protein complexes observed with tobacco leaf nuclear extracts. RB1 and RB2 indicate DNA-protein complexes observed with tobacco root nuclear extracts. The sequences of wild-type and mutant Box VI are shown; the mutated bases are underlined.
In any case, we have designated the dominant complexes in the leaf sample as LB1 and LB2 and those in the root sample as RB1 and RB2. Figure 2 shows that formation of LB1, LB2, RB1, and RB2 is sensitive to the 3-bp mutation that we introduced into Box VI. These results show that factors in leaf and root nuclei can bind to Box VI in a sequence-specific manner. Figure 2 shows that there are faster migrating complexes than LB1 with tobacco leaf nuclear extracts. However, these complexes
Functional Characterization of Box VI, the Binding Site for 3AF1
To test for the function of Box VI, we fused the wild-type (4F1) and mutant (4F1m) tetramers of this element to the promoter vectors X-GUS-46 and X-GUS-90 Lam and Chua, 1989) . In these constructs, the 84-bp tetramers were fused upstream of the -46 and -90 derivatives of the CaMV 35S promoter Lam and Chua, 1989) . The coding sequence of the bacterial enzyme /3-glucuronidase (GUS) was used as the reporter gene (Jefferson et al., 1987) . Agmbacterium tumefaciens harboring these constructs were used to transform tobacco, and five to 10 independent transgenic plants for each construct were assayed for GUS activity. Table 1 shows the data obtained with leaf and root extracts from a representative plant of each construct. With the X-GUS-46 vector, there is little GUS activity above background with either the wild-type or the mutant Box VI The X-GUS-46 and X-GUS-90 vectors have been discussed in Methods. Tetramers of the wild-type and mutant Box VI sequences (shown in Figure 2 ) were fused upstream of the -46 and -90 truncated derivatives of the CaMV 35S promoter. For the wild-type Box VI tetramer, the resultant constructs are designated 4F1 -46 and 4F1 -90, respectively. For the mutant Box VI tetramer, the constructs are designated 4F1m-46 and 4F1m-90, respectively. Five to 10 independent transgenic plants of each construct were used to determine GUS expression levels in leaf and root extracts by the fluorometric assay (Jefferson et al., 1987) . The mean values of the five to 10 plants examined were determined. Leaf, stem, and root sections from transgenic plants with the 4F1-90 construct were prepared as described previously Benfey etal., 1989) . and (E) Root. GUS activity was localized by the histochemical substrate X-Gluc (Research Organics). EP, epidermis; CH, chlorenchyma; VA, vascular elements; CO, collenchyma; T, trichome; X, xylem; P, phloem; PM, palisade mesophyll; SM, spongy mesophyll; RT, root tip; RH, root hair; C, cortex.
tetramers. The -90 derivative of the 35S promoter shows clear expression above background in the root, as has been reported previously . Placement of the Box VI tetramer at -90 enhances the activity of this truncated 35S promoter in leaf and root. In both organs, the mutant Box VI tetramer (the 4F1 m-90 construct) shows much lower activation of the -90 promoter. Histochemical localization of the GUS gene product shows that the 4F1-90 construct is expressed in most cell types of leaf, stem, and root of tobacco, as illustrated in Figure 3 . Because Box VI is located in a region of the rbcS-3A promoter known to mediate light responsiveness, we tested whether the expression of this construct is dependent on light. Comparison of the GUS transcript levels by 3' S1 nuclease protection assays showed no dramatic difference between expression of the 4F1-90 construct in light-grown or dark-adapted plants, as shown in Figure 4 . Thus, in contrast to the Box II tetramer (Lam and Chua, 1990) , the Box VI tetramer does not confer light-responsive expression.
Cloning of Putative 3AF1: A Metal-Dependent DNABinding Protein
By using the wild-type Box VI tetramer as a probe, we obtained a putative cDNA clone of 3AF1 by screening approximately 200,000 clones from an amplified tobacco leaf expression library containing approximately 60,000 independent clones. Lysogen extracts from Escherichia coli expressing this cDNA clone were prepared and used to assay for sequence-specific DNA-binding activity. Lysogen extracts from B. co/i expressing a putative cDNA clone of 3AF1 were used for gel retardation assays with different binding site probes. A, a tetramer of as-7 (5'-CTGACGTAAGGGAT-GACGCAC-3'), the 21-bp binding site for ASF-1 (Katagiri et al., 1989; Lam et al., 1989) ; W, wild-type Box VI tetramer; M, mutant Box VI tetramer (see Figure 2) . As a control, we compared protein binding to these probes with lysogen extracts from E. coli expressing a putative cDNA clone for ASF-1 (TGA1 a, left panel). Arrows indicate the complexes obtained with the different lysogen extracts that are dependent on the cDNA insert. ED, endogenous Total leaf RNA from light grown (L) or 2-days dark-adapted (D) transgenic tobacco plants containing the 4F1-90 construct was analyzed by 3' S1 nuclease protection assays using an rbcS-3C probe (Fluhr et al., 1986b) . Three independent transgenic plants were analyzed. Ten micrograms of RNA was used for each lane. Only the protected band (230 bases) is shown.
plant factor activation sequence factor (ASF)-1 ) was used as a control. Figure 5 (right panel) shows that the wild-type tetramer of Box VI gives three complexes when incubated with the lysogen extracts. Only the two slower complexes are sensitive to the 3-bp change in the Box VI mutant. In contrast, the fastest migrating DNAprotein complex is apparently not sensitive to the mutations. We have designated this complex as "ED" for endogenous DNA-binding activity. No significant complex is detected with the as-7 tetramer using the same lysogen extracts. As a comparison, we also examined binding of these probes with lysogen extracts from E. coli expressing a cDNA clone of another plant factor, TGA1 a (Katagiri et al., 1989) . We have shown previously that TGAla binds specifically to as-1 and is most likely equivalent to the nuclear factor ASF-1 (Katagiri et al., 1989) . With an as-1 tetramer as probe, as expected, we observed good binding activity with extracts from E. coli expressing the TGAla cDNA clone. With the wild-type or mutant Box VI tetramer probes, only the ED complex was evident with this lysogen extract. Therefore, the complex ED may be attributed to
Figure 6. Primary Structure of the Putative cDNA Clone for 3AF1.
(A) The nucleotide sequence of the 3AF1 cDNA clone is shown with the predicted amino acid sequence represented in the standard one-letter code above the DNA sequence. The first nucleotide immediately after the EcoRl site in frame with the lacZ coding sequence is designated as nucleotide 1.
(B)
The predicted amino acid sequence from residue 9 to 107 is compared with that from residue 108 to 206. ldentical amino acid residues between the two sequences are boxed. Functionally conserved amino acid substitutions are underlined, and the positions of the conserved histidines and cysteines are indicated by asterisks r).
an endogenous bacterial protein with affinity for AT-rich sequences. Because the putative 3AF1 protein was synthesized as a lacZ fusion protein, it was not possible for us to compare directly the mobility of the DNA-protein complexes obtained with the lysogen extracts and those observed with nuclear extracts. Nevertheless, our data indicate that we have isolated a putative 3AF1 cDNA clone because it encodes a protein with the same sequence binding specificity as the nuclear activity 3AF1. Sequence analysis showed that the putative cDNA clone for 3AF1 contains an insert of 683 bp with an open reading frame of 227 amino acids in frame with the lacZ coding sequence of the Agtll vector ( Figure 6A ). The encoded protein has two interesting features ( Figure 6B ). First, it contains two repeat sequences with about 80% identity. The homologous sequences are approximately 94 amino acids long and the conservation is greatest at the center of these repeats. Second, in each of the repeats, the conserved histidines and cysteines are arranged as HisX1z-Cys-Xz-Cys-X14-His-X,z-Cys. This arrangement is reminiscent of the two types of known zinc-finger motifs found in transcription factors such as TFlllA and the glucocorticoid receptors that have the sequence of C~S -X~-~-C~S -X12-14-Hi~-X2-4-Hi~ and Cys-Xz~4-Cys-X1z~,4-Cys-X2-4-Cys, respectively (Struhl, 1989) . However, the conserved repeat found in the putative 3AF1 protein lacks a histidine pair downstream from the cysteine pair at positions 38 and 41. It should be noted that the second repeat, between amino acids 108 and 206, contains a histidine pair at positions 151 and 155. The presence of this histidine pair, in conjunction with the cysteine pair at positions 137 and 140, raises the possibility that this region may form a conventional zinc finger. Thus, if this sequence does conform to the two known types of zinc-finger structures, there will only be one zinc finger in this coding sequence and the Nterminal repeat may not be involved in DNA binding. Based on the similarity of the two repeats in the deduced protein sequence of our cDNA clone and the fact that most known zinc-finger proteins contain multiple fingers (Struhl, 1989) , we suggest that both units in the putative 3AF1 protein may be functional in DNA-protein interactions. Future sitespecific mutagenesis of this factor may help to resolve these questions.
Because the predicted protein sequence of the cDNA insert suggests that metal coordination may be involved in DNA binding of this protein, we tested the sensitivity of complex formation to the metal chelator 1,l O-phenanthrolhe. Figure 7 shows that the addition of 1 mM of the chelator completely abolishes binding of the putative 3AF1 to the Box VI probe. As a control, the binding of TGAla to the as-7 site (Katagiri et al., 1989 ) is insensitive to the chelator .
To examine whether the 3AF1 activity detected in crude nuclear extracts corresponds to the DNA-binding protein encoded by our cDNA clone, we have tested whether 1 , l O-phenanthroline would also inhibit Box VI-binding activities in these extracts. We found that 1 ,lO-phenanthroline at a concentration of 4 mM failed to abolish 3AF1 activity in crude nuclear extracts of tobacco leaf (data not shown). This result thus suggests that there are different proteins that can interact with Box VI in vivo. The protein encoded by our cDNA clone corresponds to only one of these DNA-binding activities and is not likely to represent a major portion of the 3AF1 activities in the crude nuclear extracts.
RNA Gel Blot Analysis of Transcripts Homologous to the Putative 3AF1 cDNA Clone
We have also examined the expression of 3AF1 -related gene(s) by RNA gel blot analysis. Figure 8 shows that multiple transcripts ranging in size from about 1.5 kb to 4.5 kb are present in RNA from both young and mature tobacco leaves. At least three transcripts ranging in size Lysogen extracts from E. coli expressing either the cDNA clone of ASF-1 (TGA1a) or the putative cDNA clone of 3AF1 were used for gel retardation assays. For the TGAla-containing extracts, a probe with a single copy of the as-1 binding site inserted into position -55 of the rbcS-3A promoter was used (Katagiri et al., 1989) . For the 3AF1-containing extracts, the Box VI tetramer was used as probe. When indicated (+), 1 mM 1,10-phenanthroline was added during the incubation of the extracts with the probe. Arrows indicate the positions of the complexes that are dependent on the cDNA insert. Note that in this particular assay with extracts from E. coli expressing the putative 3AF1 clone, the slowest migrating complex, indicated by the top arrow, is much lower in intensity than the faster migrating complex. This is in contrast to that shown in Figure 5 , where the slower complex is the more intense species. Upon repeated assays, we found that the relative intensities of the two complexes are variable. The reason for this variability is unknown at present. ED, endogenous DMA-binding activity in the lysogen extracts; 1,10 Phe, 1,10-phenanthroline.
from 2 kb to 4 kb are present in RNA from the stem. A 4-kb transcript, similar in size to that observed in stem, is clearly the major species in the root. However, this transcript is apparently not detectable in leaf RNA under our conditions (indicated by solid triangles in Figure 8A ). As a control of the RNA quality, we have also examined the developmental regulation of the expression of two other tobacco DNA-binding proteins, TGA1a and TGA1b (Katagiri et al., 1989) . As reported previously using poly-A + RNA, we also observe that these genes are preferentially expressed in roots as compared with leaves. Interestingly, we found that transcripts homologous to TGA1 a are more highly expressed in mature leaves when compared with young leaves, whereas the reverse is true for transcripts encoding TGA1b. elements that can confer light-responsive expression but not organ specificity. This region alone, however, does not activate transcription because site-specific mutation or deletion of sequences upstream from -50 completely destroys activity (Kuhlemeier et al., 1988 (Kuhlemeier et al., , 1989 . To identify factors involved in the activity conferred by this region, we have characterized a binding site, Box VI, that is located between -51 and -31. Although rbcS-3A is expressed in chloroplast-containing tissues, nuclear factors from both leaf and root of tobacco bind to Box VI in a sequencespecific manner. A tetramer of Box VI can activate transcription of a truncated CaMV 35s promoter, whereas a tetramer of the mutated element cannot. This activity is dependent on sequence elements within the -90 to -46 region of the 35s promoter (cf. Table 1 ). Previously, we have characterized another tobacco nuclear factor, ASF-1, that binds to the -75 region of the 35s promoter . Thus, the expression of the Box VI tetramer, when fused to the -90 derivative of the 35s promoter, may be the result of synergistic interactions between 3AF1 and ASF-1. This result suggests that Box VI may be an element that is functional only in the presence of another cis-regulatory element, and is consistent with the previous observation that the -50 derivative of rbcS-3A has no detectable activity (Kuhlemeier et al., 1989) . Thus, Box VI is likely to be a class B element as defined by Fromental et al. (1 988) . This class of cis-regulatory elements is functional only when juxtaposed with certain other elements. In contrast to the Box II element (Lam and Chua, 1990 ), the activity conferred by the Box VI element (-51 to -31 of rbcS-3A) is apparently constitutive because it is neither light responsive nor tissue specific, at least in conjunction with the truncated 35s promoter (Figures 3 and 4) . This result, together with the previous observation that the -50 to +15 region of the rbcS-3A promoter can confer light responsiveness (Kuhlemeier et al., 1989) , suggests that factors that can mediate light-responsive expression are likely to be located elsewhere, probably between -31 and +15 of the rbcS-3A promoter. 3AF1 may function, therefore, as an accessory factor that interacts with other cellspecific and light-responsive elements, such as Box II (Lam and Chua, 1990) , of the rbcS-3A promoter. Because the activity of Box VI depends on other cis-regulatory elements, it may not be the major determinant for the regulation of the rbcS-3A promoter.
Our results show that the rbcS-3A promoter, which is light responsive and is preferentially expressed in chlorophyllous cells (Fluhr et al., 1986a (Fluhr et al., , 1986b Aoyagi et al., 1988) , comprises light-responsive elements, like Box II, as well as constitutive elements, such as Box VI. In this context, it is important to emphasize that Box VI behaves as a class B element, whose activity is dependent on other factors binding elsewhere in the same promoter. This property may enable 3AF1 to participate in the expression of promoters with diverse patterns of regulation because its ability to confer transcriptional activation will depend on the synergistic interaction of a number of different factors. Recently, we have demonstrated that another plant factor binding site, activation sequence (as)-2, from the -1 O0 region of the CaMV 35s promoter, also behaves as a class B element in vivo . Therefore, this class of cis-acting elements may be rather common and may provide the basis for the generation of tissue specificity by combinatorial utilization of different trans-acting factors.
During the preparation of this manuscript, Datta and Cashmore (1 989) have reported the characterization of a pea nuclear factor AT-1. This pea factor binds to an ATrich motif present in the upstream regions of several lightresponsive promoters, including the -294 to -266 region of pea rbcS-3A. However, binding of AT-1 to the pea rbcS-3A promoter has not been examined, and it is not known whether AT-1 will bind to Box VI or not. In future studies, we will examine the relationships between 3AF1 and other AT-rich sequence-binding activities, including A i -1 , that have been reported for several plant promoters (Jofuku et al., 1987; Jensen et al., 1988; Bustos et al., 1989) .
Characterization of a Putative Clone of 3AF1
By screening a tobacco leaf cDNA expression library with the Box VI tetramer as a probe, we have isolated a partial cDNA clone that encodes a sequence-specific DNA-binding activity. Lysogen extracts from E. coli expressing this clone displayed binding activity with the Box VI probe in gel retardation assays. The binding activity was reduced drastically by the mutation of 3 bp in Box VI. No binding activity was detected in these lysogen extracts with as-1, the binding site for ASF-1. Taken together, these results indicate that the partial cDNA apparently encodes a DNA binding domain with sequence specificity similar to that of the nuclear factor 3AF1. Because our partial cDNA clone is likely to be expressed in E. coli as a fusion protein with the LacZ gene product, we cannot determine to which binding activity in the leaf nuclear extracts (Figure 2 ) the encoded protein corresponds. Antibodies to the cloned gene product will be needed to address this question definitively in the future.
Sequence analysis of the cDNA showed that the encoded putative 3AF1 factor contains a tandem repeat of about 94 amino acid residues sharing 80% identity. Within these repeats, an interesting array of histidines and cysteines is conserved. These conserved histidines and cysteines do not conform to the two known types of zincfinger motifs found in many transcription factors from animal cells and yeast (Struhl, 1989) . The spacing of 12 and 14 amino acids found between the conserved histidines and cysteines in the putative 3AF1 protein is very similar to that found between the histidine and cysteine pairs in factors such as TFlllA (Miller et al., 1985) and may, in fact, form the large loop of the zinc-finger motif. In addition, conserved phenylalanine and leucine residues found in the loop region of most zinc-finger motifs (Struhl, 1989) are also present in the region downstream from the cysteine pairs of the putative 3AF1 protein, although at a slightly different spacing with respect to the 2 cysteines.
For these reasons, we favor the model that both homologous repeats in the putative 3AF1 protein are involved in sequence-specific DNA binding, and that the conserved histidines and cysteines form a nove1 type of structure for DNA-protein interactions. Consistent with the proposal that the putative 3AF1 protein may be a zinc-finger protein, we demonstrated that the metal chelator i ,i O-phenanthroline inhibits complex formation between the putative factor and Box VI.
By RNA gel blot analysis, we found multiple transcripts that are homologous to our cDNA clone. At least one transcript present in leaf RNA is clearly different from the ones found in root and stem. This difference in transcript size is also reflected by the difference in DNA-protein complex mobility observed with nuclear extracts from leaf and root (Figure 2 ). Thus, distinct forms of 3AF1 may be expressed in these organs. These results raise the possibility that the activity of the Box VI tetramer in different organs of tobacco might result from distinct proteins that collectively make up the 3AF1 activity. These different proteins may bind to Box VI with different affinity as well as specificity, and they may be regulated differently during development.
METHODS
Preparation of Extracts and Assays for DNA-Protein lnteraction
Tobacco nuclear extracts were prepared essentially as described by Green et al. (1987) , except the Percoll gradient step was omitted. DNase I footprinting was carried out with an end-labeled probe under conditions similar to those described in Lam et al. (1 989) . The positions of guanines were determined by the method of Maxam and Gilbert (1 980) . Gel retardation assays were carried out in 0.7% agarose/3% polyacrylamide gels under conditions similar to those described by Mikami et al. (1987) . 1,lO-Phenanthroline was purchased from Sigma.
Vectors, Clones, and Transgenic Plant Analysis
The X-GUS-46 and X-GUS-90 vectors have been described previously . Essentially, these are pMON505 derivatives with the GUS coding sequence fused to the -46 and -90 derivatives of the 35s promoter. The 3' polyadenylation sequence of pea rbcS-3C was fused downstream from the GUS coding sequence to provide for poly-A addition signals. Unique restriction sites for Hindlll and Xhol are present directly upstream of the -46 and the -90 derivatives of the 35s promoter. Synthetic oligonucleotide pairs were used to construct tetramers of Box VI and the 3-bp mutant. Hindlll and Xhol sites are present at the 5' and 3' ends of the tetramers, respectively. These tetramers were first cloned into a pEMBL12 derivative with an Xhol site. After sequence verification of the tetramers, the binding sites were then cloned into X-GUS-46 and X-GUS-90. These vectors were introduced into Agrobacterium tumefaciens by triparental mating, and the exconjugants were used to transform Nicotiana fabacum (cv SR1) by the leaf disc technique (Fraley et al., 1985) . Primary independent transgenic plants for each construct were used to measure GUS activity in root and leaf extracts. The fluorometric and histochemical assays for the GUS gene product have been described previously (Jefferson et al., 1987; . RNA from light-grown and dark-adapted tobacco plants was isolated and assayed for GUS transcript levels by 3' S l nuclease protection as described previously (Fluhr et al., 1986b) . 
3AF1 by Expression Library Screening
The method of Singh et al. (1988) was used to screen for sequence-specific DNA-binding protein with specificity similar to that of 3AF1. An amplified tobacco leaf library of about 60,000 individual, random-primed cDNA clones in Xgtll was screened with a nick-translated Box VI tetramer. About 200,000 clones were screened, and one clone was identified as a putative clone for 3AF1. Lysogen extracts from this clone were prepared according to Singh et al. (1988) and used in gel retardation assays to confirm the sequence specificity of the putative DNA-binding protein. The cDNA clone was found to have only one EcoRl site; therefore, we subcloned the approximately 3-kb Kpnl/Sstl fragment, containing the cDNA insert, into the Kpnl/Sacl site of M13mp18 and M13mpl9 vectors (New England BioLabs). Single-stranded DNA from these clones was then used to sequence both strands of the cDNA insert. RNA gel blot analysis was carried out with 40 pg of total RNA from different organs of tobacco. Total RNA was denatured in 50% formamide and 6% formaldehyde, and transcripts were separated on a 1 % agarose gel with 6% formaldehyde. After transfer onto nitrocellulose, an EcoRI/EcoRV fragment (298 bp) was nick-translated with 3'P-CTP and the labeled probe was used to detect transcripts.
